Implantable cardioverter-defibrillators (ICDs) improve survival in patients who are at risk of sudden death. However, inappropriate therapy is commonly given to ICD recipients, and this situation may be associated with an increased risk of death. This study aimed to construct a risk stratification scheme by using decision tree analysis in patients who received inappropriate ICD therapy.
I mplantable cardioverter-defibrillators (ICDs) improve survival in patients who are at risk of sudden cardiac death. 1) However, inappropriate ICD therapy for nonventricular arrhythmias is a common occurrence [2] [3] [4] [5] and has been linked to negative psychological effects and a diminished quality of life. 6) Profound anxiety and panic reactions focused on the fear of future ICD therapy are the most frequent manifestations of psychopathology. Some patients require anxiolytics or antidepressant drugs combined with relaxation and cognitive therapies. 7) Furthermore, some inappropriate ICD therapies have a proarrhythmic effect. 4, 8) A detrimental effect of inappropriate ICD therapy on mortality has been discussed, 2, 3, [9] [10] [11] and recent metaanalyses showed that only appropriate and inappropriate shocks were associated with increased mortality compared with appropriate and inappropriate antitachycardia pacing (ATP). 10, 11) Strategies to reduce inappropriate ICD therapies are rapidly evolving. Inappropriate ICD therapy reduction that includes the extensive use of ATP and a combination of long detection intervals and high cutoff rates has been found to decrease the rate of inappropriate ICD therapies and mortality compared with conventional therapy groups in randomized trials. [12] [13] [14] Although inappropriate ICD therapy reduction programming is beneficial, it will take time for this program to spread to the actual clinical setting. Furthermore, even with such a sophisticated approach, it is impossible to completely suppress an inappropriate therapy. Therefore, we need a better understanding of inappropriate therapy outcomes and a firm guidance for clinical decision making. The aim of this study was to assess the prognostic factors of mortality in inappropriate ICD therapy patients and construct a risk stratification scheme by using decision tree analysis.
Methods
The study protocol has been presented elsewhere. 4) This retrospective, observational, nonrandomized study was conducted at 50 institutions, including 2 prospective ICD studies 15, 16) (the participants are listed in the Supplemental Text). All patients were implanted with ICDs or administered cardiac resynchronization therapy with defibrillators (CRT-D) for the primary or secondary prevention of sudden death in accordance with the international guidelines for ICD implantation. In the current study, a total of 4,089 patients who received ICDs between 1997 and 2014 were studied. For the current study, we selected patients who received any inappropriate therapy after the initial implantation. The database included patient demographics, comorbidities, echocardiographic data, and medications, as well as information on the physical activity associated with inappropriate therapy and the time of day of the inappropriate therapy. The study protocol conformed to the 1975 Declaration of Helsinki and was approved by the institutional review board of the participating institutions. All patients provided their written informed consent in the prospective ICD studies, and optout participation was conducted for retrospective cohort patients. ICD therapy event analysis: Patients with ICDs were interrogated during scheduled (quarterly) and unscheduled visits to the hospital. The ICD therapies included ATP, cardioversion, and defibrillation. Therapy was categorized as appropriate when it occurred in response to ventricular tachycardia (VT) or ventricular fibrillation (VF). Inappropriate therapy referred to therapy triggered by sinus tachycardia, atrial fibrillation (AF), supraventricular tachycardias (SVTs), abnormal sensing, or lead failure. 2, 17) The electrophysiologists at participating institutions used electrograms to adjudicate all detected episodes. We collected data from 1997 and ascertained that all ICDs in the current study were equipped with electrograms. Only 1 patient received an ICD in 1997, and the remaining 416 patients were implanted with ICDs after 2000. ICD programming was left to the discretion of each investigator. The time to the first inappropriate therapy was measured from the date of ICD implantation to the date of inappropriate ICD therapy. For the second and subsequent therapy analyses, only subsequent inappropriate therapies occurring > 24 hours after the inappropriate therapy was considered a separate event. Activities associated with inappropriate therapy were categorized as sleeping, sedentary/ awake, moderate exercise, driving, drinking, bathing, or unknown. Sedentary behavior indicates any waking behavior that is characterized by a low-energy expenditure of ! 1.5 metabolic equivalents 18) while in a sitting or reclining position. The sedentary behaviors in the current study included TV viewing, video game playing, computer use, karaoke, and reading. Reclining due to dyspnea was not considered sedentary behavior. The time of day of the inappropriate therapy was categorized in six-hour bins from midnight. The ICD systems were manufactured by Biotronik (Berlin, Germany), Boston Scientific (St. Paul, MN, USA), Medtronic (Minneapolis, MN, USA), and Abbott (St. Paul, MN, USA). Clinical outcomes: The primary endpoint was all-cause death. The cause of death was ascertained by experienced cardiologists at each center by using hospital and primary health care records, death certificates, postmortem reports, and interviews with witnesses (relatives and physicians). Statistical analysis: The χ 2 test or Fisher's exact test was used for categorical data, and Student's t-test was used for continuous variables. Quantitative data are expressed as mean ± standard deviation values. For variables with a skewed distribution, namely, B-type natriuretic peptide (BNP) and left ventricular ejection fraction (LVEF), the values were transformed to natural logarithms. Demographic and clinical data from baseline analyses were included in univariate Cox proportional hazard regression models. To select the best model, backward selection that is in accordance with the Akaike Information Criterion was used. The p-to-enter value had to be lower than 0.05, and the p-to-remove value had to be greater than 0.05. The age, sex, baseline rhythm, dilated cardiomyopathy, chronic kidney disease, hemoglobin, BNP, LVEF, initial inappropriate therapy due to abnormal sensing or AF, inappropriate therapy occurring during sedentary/awake conditions, time of day of the inappropriate therapy (6:00 to 12:00), and interim appropriate therapy were included in the multivariate Cox proportional hazard models. The hazard ratio (HR) and 95% confidence interval (CI) are given. The times to death were compared with the Kaplan-Meier method and log-rank test. The cutoff values for the age and BNP were determined by the receiver operating characteristic curves in relation to all-cause death. The optimal prognostic subset of patients (low, intermediate, and high risk of death) was constructed by decision tree analysis using the classification and regression trees method. 19) To examine the possible differences in the occurrence of inappropriate shocks per time span of ICD implantations, the patients were divided into 2 groups according to the median calendar year of the ICD implantations (November 2010). A two-tailed P-value of < 0.05 was considered significant. Statistical analyses were performed using JMP 10.0.2 software (SAS Institute, USA) and R Project for Statistical Computing 3.2.2.
Results

Clinical characteristics of the patients:
Among the data from 4,089 patients, we studied a total of 772 inappropriate ICD therapy instances that occurred in 417 patients (10%). Table I shows the baseline characteristics of the OUTCOME OF INAPPROPRIATE ICD THERAPY PATIENTS 417 patients, and these characteristics are categorized by survival status. The mean age of the study patients was 61 ± 15 years, and survivors were younger than nonsurvivors (60 ± 16 versus 69 ± 9 years). There were no significant differences in sex, baseline rhythm, and type of implanted devices between the survivors and nonsurvivors. In terms of the underlying heart disease, only 20% of the patients had coronary artery disease, and sarcoidosis was more prevalent in nonsurvivors than in survivors. Regarding the comorbidities, chronic kidney disease was more prevalent in nonsurvivors than in survivors. Survivors had higher hemoglobin, lower BNP, and higher LVEF than nonsurvivors. The mean LVEF was 45 ± 17%, and 27% of patients had LVEF > 60%. Inappropriate and appropriate ICD therapy: Patients who had inappropriate therapy had an average number of 1.8 ± 1.5 inappropriate therapy episodes (Table II) . There were no significant differences in the number of inappropriate therapy episodes between the survivors and nonsurvivors (1.8 ± 0.1 versus 1.6 ± 0.2 episodes). A total of 67 patients (16%) had more than 2 inappropriate therapies and received up to a maximum of 15 inappropriate thera-YAMAMOTO, ET AL pies. There was no significant difference in the time to the first inappropriate therapy between the survivors and nonsurvivors. AF was more prevalent as a cause of an inappropriate therapy in nonsurvivors (44% versus 24%, P < 0.01), whereas sinus tachycardia and abnormal sensing tended to be more common in survivors. There was no significant difference in the frequency of the 3 types of inappropriate therapies (ATP only, shock only, and ATP + shock) between the survivors and nonsurvivors. Survivors had a higher rate of programming for VT detection (150 ± 15 versus 143 ± 17 bpm, P = 0.02) than nonsurvivors. No significant differences were observed in the rate of reprogramming of their devices after receiving the first inappropriate therapy.
Regarding the physical activity level associated with inappropriate therapy, a sedentary/awake condition was more prevalent in nonsurvivors than in survivors (71% versus 38%, P < 0.001). Survivors frequently experienced inappropriate therapy in the morning (6:00 to noon) (35% versus 19%, P = 0.02) and had a lower rate of appropriate therapy than nonsurvivors (34% versus 54%, P < 0.01). Survival analysis: During an average follow-up of 5.2 years, 48 patients died (12%), 32 of which were due to cardiovascular causes. The univariate analysis showed that male gender, type of initial inappropriate therapy (ATP only, shock only, and ATP + shock therapy), and frequency of inappropriate therapies were not associated with the risk of mortality (Table III) Figure 1 shows the Kaplan-Meier survival curves for these 5 independent risk factors. The survival curves tended to separate after 2.5 years, except for the ln BNP, which showed a decrease in survival that started early for those with higher BNP. The subset of patients experiencing inappropriate YAMAMOTO, ET AL Figure 2 . Decision tree for the five-year mortality. The optimal factors for predicting the five-year mortality were obtained by decision tree analysis. The mortality rate is shown in the circles. We divided patients into 3 groups on the basis of mortality rate, namely, low risk (mortality rate is nearly 0%, green circle), high risk (mortality rate approximately 20%, red circle), and the intermediate-risk (yellow circle) groups. An ln BNP > 5 pg/mL was placed at the first decision node because it is the most important prognostic factor. Combinations of the type of patient activity at the time of inappropriate therapy, mechanism of inappropriate therapy, and basic rhythm at the time of ICD implantation were used. There is a significant difference in the survival among the 3 groups of patients identified using the decision tree in Figure 2 .
therapies during sedentary/awake conditions were patients who were female (P = 0.05) and had CRT-D implantation (P = 0.05), chronic kidney disease (P < 0.01), high BNP (P < 0.05), low LVEF (P < 0.05), inappropriate therapy for AF (P < 0.001), and low VT zone (145 ± 18 bpm versus 150 ± 16 bpm, P < 0.02) compared with patients experiencing inappropriate therapies in conditions other than being sedentary/awake. These observations suggest that high-risk patients were female patients with heart failure and patients experiencing inappropriate therapies for AF. The programmed lower VT zone suggested the delivery of inappropriate therapy for the AF induced by light body movement. To obtain an optimal combination of clinical factors that is predictive of mortality, a decision tree model was constructed to stratify the patients into 3 groups (Figure 2) . A Kaplan-Meier survival analysis showed that the five-year mortality of the 3 groups was well stratified using this decision tree model ( Figure 3) .
Period of ICD implantation:
To explore whether differences over time could be observed in the occurrence of inappropriate therapies, the ICD patients were grouped according to the median calendar years of the ICD implantations (November 2010). The first group underwent ICD implantation from 2000 to October 2010 and comprised 208 patients. The second group consisted of 209 patients who received an ICD system from November 2010 to 2014. No significant differences in age (62 ± 15 versus 60 ± 16 years, P = 0.08), proportion of male patients (76% versus 73%, P = 0.45), type of ICD (CRT-D: 18% versus 21%; P = 0.40), and total number of inappropriate therapies (1.8 ± 1.6 versus 1.8 ± 1.3, P = 0.99) were observed between the first and second groups. Furthermore, there were no significant differences in the type of initial inappropriate therapy (ATP only: 36% versus 40%; P = 0.38; shock only: 28% versus 27%; P = 0.80; ATP + shock: 32% versus 28%; P = 0.32) between the first and second groups.
OUTCOME OF INAPPROPRIATE ICD THERAPY PATIENTS
Discussion
This multicenter observational cohort study identified the prognostic factors that could be incorporated into a decision tree for predicting the five-year mortality of patients receiving inappropriate ICD therapy. This study showed that the BNP, physical activity at the time of occurrence of an inappropriate therapy, and cause of the inappropriate therapy were potent predictors of mortality. The decision tree we constructed provides a comprehensive method for the determination of survival probabilities.
We found that 10% of patients with ICDs had inappropriate therapies over 5 years. This rate was similar to the values reported in previous studies that showed that approximately 10%-20% of ICD patients experience inappropriate ICD therapies. 2, 3, 9, 11, 17, 20, 21) The mortality rate in the current study was 12% during an average follow-up of 5.2 years; this value is lower than the four-year mortality rates of 37.5% in the derivation cohort 22) and the 21.9% 9) reported in previous primary prevention studies. We attributed the lower rate in the present study to the lower prevalence of ischemic heart disease as the primary cardiac pathology that led to the undercounting of the deaths, 22, 23) but the effect of unknown covariates may also have played a role. Although AF has been reported to be the most common mechanism for inappropriate therapies, 2) the most common cause of inappropriate therapy in our data was SVT (176 episodes), followed by AF (110 episodes). Qian et al. 11) recently conducted a meta-analysis and reported that inappropriate shocks, but not ATP, affected the mortality across 13 ICD studies involving 197,677 participants. However, the current study found that the difference in the type of ICD therapy (ATP only, ATP + shock, and shock only) did not affect the mortality probably because of the small number of patients studied.
In this study, we showed that age, renal dysfunction, decreased LVEF, and appropriate ICD shocks were significant predictors of death in the univariate analysis, similar to that reported in previous studies. [24] [25] [26] We showed in a multivariate analysis that high BNP level, sedentary status but awake at the time of occurrence of an inappropriate therapy, and cause of inappropriate therapy were novel and potent predictors of increased mortality. A unique aspect of the current study was the measurement of BNP. This finding is important because natriuretic peptides are the single most powerful predictors of outcomes in heart failure, but few studies on ICD recipients have been able to adjust for the natriuretic peptide concentration when examining the independent prognostic factors. Alba et al. 24) conducted a systematic review and meta-analysis of 72 studies that evaluated prognostic factors in 257,692 ICD patients. Their analysis identified significant and reliable mortality predictors such as age, renal dysfunction, chronic obstructive pulmonary disease, diabetes, peripheral vascular disease, decreased LVEF, and number of ICD shocks delivered. Alba et al. 24) also indicated that few studies have examined the prognostic role of BNP in the ICD population.
We found that inappropriate therapy occurring during sedentary conditions correlated with an increased risk of mortality. These patients were female patients or patients who received a CRT-D for heart failure and renal dysfunction. Furthermore, these patients had inappropriate therapy for AF, and the ICDs were programmed for a lower VT detection rate (143 ± 17 bpm). These observations indicated that these patients were high-risk patients because they were sicker (CRT-D implantation, kidney problems, higher BNP, and lower LVEF) and most likely had heart failure and because light physical activity induced AF, which was construed as VT/VF at the lower VT rate zone that was programmed. Female gender is also a risk factor. Theoretically, treatment should be geared toward the improvement of heart failure, treatment of paroxysmal AF, and reprogramming of the VT detection zone to a higher rate, particularly in women who have experienced inappropriate therapies. In a recent Multicenter Automatic Defibrillator Implantation Trial-Reduce Inappropriate Therapy substudy, Daimee et al. 20) showed that patients with severe heart failure were at an increased risk for inappropriate ICD therapy, particularly in those whose ICDs were programmed to detect arrhythmias < 200 bpm.
To date, several prognostic models for ICD patients have been reported. 22, [27] [28] [29] The PACE risk score proposed by Kramer et al. 27) used 4 risk factors (peripheral vascular disease, age "70 years, creatinine "2 mg/dL, and LVEF !20%) to estimate the 1-year mortality in 2,717 patients (primary prevention 74%) and showed a modest discriminatory capacity (C-statistic of 0.795). Bilchick et al. 22) reported that SHOCKED, which included 7 predictors (age "75 years, NYHA class "II, AF, chronic obstructive pulmonary disease, chronic kidney disease, LVEF !20%, and diabetes) based on a nomogram of more than 45,000 primary prevention patients, showed a modest discriminatory capacity (C-statistic of 0.74).
In this study, a Cox analysis revealed 5 independent predictors of all-cause death, namely, age, nonsinus rhythm at implantation, BNP level, inappropriate therapy due to abnormal sensing, and inappropriate therapy during sedentary/awake conditions (Table III) . We then constructed a decision tree to provide a more accurate and practical tool for the determination of patient specific survival probabilities. Cox proportional hazards models have been widely used to model the relationship between risk factors and outcomes. However, a Cox analysis assumes a linear relationship between the hazard rate and covariates; when nonlinear effects or complex interactions are involved, a biased estimation of the effects may occur. Decision trees capture the complex interactions and nonlinear relationships between predictors and outcomes without making modeling assumptions. In this study, the decision tree analysis led to the identification of two additional risk factors, namely, the physical activity level of the patient at the onset of an inappropriate therapy and the mechanism of the inappropriate therapy, in addition to conventional risk factors such as BNP level and baseline cardiac rhythm type. The high-risk subgroups shown by the decision tree were either nonsedentary + nonabnormal sensing or sedentary + nonsinus rhythm (Figure 2 ). This result suggests that physical activity at the onset of an inappropriate therapy (sedentary or nonsedentary conditions) adds meaningful information to the prediction of mortality in patients who receive inappropriate ICD therapies, in addi-YAMAMOTO, ET AL tion to conventional factors. The identification of the interactions between the risk factors could provide insights into the mechanisms of dependence, identify subgroups that are at a higher risk for death, and facilitate the implementation of specific interventions that target high-risk groups. For example, integrated care in a multidisciplinary framework should be implemented to control high-risk heart failure patients. 30) Second, the optimization of pharmacological treatment for heart failure or arrhythmias and catheter ablation, as well as device reprograming to avoid further inappropriate therapies, should be considered. The use of remote monitoring with the daily verification of the transmission may help reduce inappropriate therapy episodes and the risk of mortality. 31) Given that the variables included in the decision tree are readily available and individually associated with poor outcomes, the use of a decision tree may have advantages for therapeutic decision making in the management of patients who receive inappropriate therapy. Study limitations: This study was a retrospective observation, and there were confounders associated with this study method. This study was conducted on Japanese ICD patients who had inappropriate therapies; therefore, our results cannot be directly extrapolated to other racial/ethnic populations. Data regarding device therapy were reported by electrophysiologists but were not adjudicated by an independent committee. ICD programming was left to the discretion of each investigator. The early devices had limited single and dual chamber SVT-VT discriminators and less robust rejection algorithms for noise and oversensing. We did not collect data on the QRS duration or New York Heart Association functional class, and we did not study any contemporary inappropriate therapy reduction programs. Moreover, external validation needs to be performed.
Conclusion
We identified the predictors of mortality in inappropriate ICD therapy recipients and constructed a risk stratification scheme by using decision tree analysis. The activity at the time of inappropriate therapy adds meaningful information, in addition to the traditional biomedical factors, to the prediction of mortality in patients who receive inappropriate ICD therapies. It is important to prevent inappropriate therapies in high-risk patients to improve survival by employing SVT-VT discrimination algorithms.
